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ABSTRACT 


Bacterial strains were isolated from heavy oil degrading 
microbial consortia enriched from mangrove sediment. Among the 60 
distinct isolates that formed colonies on heavy oil as a sole carbon and 
energy source, Pseudomonas sp. T2B and Burkholderia sp. T2C showed 
the best growth in heavy oil and in various aliphatic and aromatic 
hydrocarbons. The two isolates were tested in their abilities to degrade 
heavy oil. At 1% oil concentration, T2B and T2C degraded 19.6% and 
16.7% of heavy oil within 21 days, respectively. These values were 
significantly lower than that of the source consortium T2, which 
degraded 24.2% of the oil. This indicates that the consortium is more 
superior in degrading heavy oil than any of the isolates. The isolates can 
be used for biodegradation studies and can be utilized in producing an 
effective microbial consortium for bioremediation applications. 


Keywords: Pseudomonas, Burkholderia, heavy oil, microbial 
consortium, hydrocarbons, biodegradation 


INTRODUCTION 


The increasing industrial production leads to significant damage to 
the environment by numerous contaminants. Due to human activities, organic 
pollutants that affect the quality of the environment and threaten public 
health are spilled often as a contaminant of soil, groundwater, and marine 
environments (Kaufmann et al. 2004; Murphy et al. 2016; Bacosa et al. 2017). 
Crude oil and petroleum hydrocarbons are among these contaminants. It is 
estimated that worldwide, about 800 million liters of petroleum enter the 
marine environment each year from the extraction, transportation, and 
consumption of crude oil and products from it (National Research Council 
USA 2003). An additional 700 million gallons is contributed by natural 
seepage. Past analysis of reported oil spills indicated that most ofthe oil comes 
from tankers, barges and other vessels as well from coastal oil refineries and 
land pipeline spills. Major oil spills in history such as the Exxon Valdez (1989), 
the Nakhodka oil spill (1997), the Erica spill (1999), the Prestige spill (2002) 
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and Deepwater Horizon (2010), had brought extensive changes in marine 
ecosystem (Bacosa et al. 2015a; Gemmell et al. 2016; Murphy et al. 2016; Liu 
et al. 2017). 


Heavy oil is one of the major products from crude oil and is defined 
by the U.S. Department of Energy as having API (American Petroleum 
Institute) gravities that fall between 10.0° and 22.3°. Like the conventional 
petroleum oils, it isa complex mixture of hydrocarbons and other compounds. 
Petroleum constituents represent saturates or aliphatic, aromatics, resins and 
asphaltenes (Bacosa et al. 2010; Evans et al. 2016, 2018). Heavy oil is deficient 
in simple alkanes and aromatics but enriched in long chain alkanes, high 
molecular weight aromatic hydrocarbons and polar components relative to 
conventional crude oil (Jack 1998; Bacosa et al. 2013). Polycyclic aromatic 
hydrocarbons (PAHs) are among the aromatic components of heavy oils that 
pose a serious threat to the environment (Bacosa et al. 2010). The United 
States Environmental Protection Agency named 16 PAHs in its priority list 
according to their toxicity and threat to the ecosystem. PAHs substances are 
known for their persistence, toxicity, carcinogenicity and mutagenicity 
(Bacosa and Inoue 2015). PAH-rich heavy oil is considered as resistant to 
biodegradation, recalcitrant and persistent in the environment. Thus, it is 
imperative to remove heavy oil from polluted environment to minimize its 
adverse impacts. 


Oil spill is deleterious to a wide array of marine plants, animals and 
microbial communities through oxygen stress and direct toxic effects (Severin 
et al. 2016; Gemmell et al. 2017; Williams et al. 2017). In tropical and 
subtropical regions, the ultimate recipient of marine oil spills is the mangrove 
ecosystems which is one of the important components of the coastal 
environment. Oil spills in mangrove areas impart potential damage to their 
physical and ecological integrity. Removal of spilled oil in the environment can 
be done in various ways. It could be achieved by either physicochemical or 
biological methods (Bacosa et al. 2015b, 2016). However, the negative 
consequences as a result of implementing physicochemical approaches are 
currently directing greater attention to explore for more sustainable and 
environmentally-amiable biological alternatives. Among these popular 
options is bioremediation using a community of bacteria or isolates (Okoh 
2006). Mangroves are sensitive ecosystem, which implies that less intrusive, 
biodegradation-based remedial alternatives are the suitable option since they 
present minimum harm to these ecosystems. These methods are less 
expensive and do not introduce additional chemicals to the environment. 
Compared to physiochemical methods, bioremediation offers a very feasible 
alternative for an oil spill response. 


In an attempt to characterize the community composition and 


evaluate the oil and hydrocarbon-degrading abilities of bacteria in mangrove 
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areas in Okinawa, Japan, six bacterial consortia were obtained by enrichment 
method and reported in our previous study (Bacosa et al. 2013). These 
enriched bacterial consortia showed different abilities to degrade heavy oil. 
Although bacteria in nature behave as a community similar to an enriched 
consortium, studies on the abilities of each strain to grow or degrade specific 
hydrocarbon compound could provide insights on the importance of the 
strains in bioremediation applications. This study aims to isolate bacteria 
from the enriched consortia, investigate the abilities of the isolates to grow in 
pure hydrocarbon substrates, and determine the abilities of select strains to 
degrade heavy oil in comparison with the source consortium. 


METHODS 
Bacterial Isolation 


The bacteria were isolated from the microbial consortia capable of 
degrading heavy oil as a sole carbon and energy source. These six consortia 
namely, Ti, T2, T3, O, Ki and K2, were enriched from sediment samples that 
were collected from the mangroves of Okinawa, Japan (Bacosa et al. 2013). To 
obtain heavy oil-degrading isolates, a serial dilution of the bacterial 
suspension from each enrichment culture was plated in Petri plates containing 
mineral salt medium (MSM), 1.5% agarose, and 20 ul of heavy oil. The 
composition of the MSM is indicated in Bacosa et al. (2013). The plates were 
incubated for two weeks at 30°C. The colonies formed were preliminary 
screened using morphological characteristics as criteria which include, color, 
elevation, margin, and surface of the colony. A portion of the colony was 
inoculated into a test tube containing 10 ml MSM and 1% (v/v) of heavy oil. 
Subsequently, incubation was done for two weeks at 30°C with shaking. 


Growth in Heavy Oil and Hydrocarbons 


The isolates were then screened for growth in heavy oil and pure 
hydrocarbon compounds namely, decane (C10), hexadecane (C16), eiocosane 
(C20), octacosane (C28), pristine (C19 branched), phenanthrene (3 rings) and 
pyrene (4 rings). Liquid hydrocarbons were filter sterilized and solid 
hydrocarbons were prepared in a stock solution with dichloromethane (10 mg 
ml“). Each hydrocarbon was added in 30 ml test tube containing 10 ml of 
MSM medium and 1% (v/v) of heavy oil or 1000 mg 1|* of each hydrocarbon 
substrate. After allowing dichloromethane to evaporate, solid hydrocarbons 
were applied with 10 cycles of ultrasonic wave (UP 200s Untraschall- 
prozessor). The isolates were grown at 30°C, with shaking (120 rpm) for 14 
days. Growth was determined periodically using spectrophotometer at an 
optical density of 600 nm (Chaerun et al. 2004). Inoculated cultures were 
compared to uninoculated control. Growth criteria were as follows: No growth 
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(o)—absorbance difference of below 0.100; Low growth (+)—absorbance 
difference of 0.100-0.499; Medium growth (++)—absorbance difference of 
0.500-0.999; High growth (+++)—absorbance difference of 1.000 above. 
These methods and criteria were adapted from the work of Chaerun et al. 
(2004). Isolates which showed high growth in heavy oil and/or hexadecane 
and at least two of the pure hydrocarbon substrates were selected for 
sequencing 


DNA Extraction 


Total DNA was extracted from the six isolates to determine their 
identities. The bacterial cells were gathered by centrifugation (TOMY-High 
speed refrigerated microcentrifuge) at 5,000 rpm for 10 min. The cells were 
resuspended in 40 ul of sterile distilled water followed by freezing and thawing 
two times. Proteinase K (10 ul) and TTNE buffer (50 ul) were added and 
vortexed. Enzyme reaction was allowed to take place at 20 min for 60°C and 
enzyme de-excitation at 95°C for 10 min. To precipitate the bacterial cells, the 
suspension was centrifuged at 4°C for 5 min at 14,000 rpm. Supernatant 
containing the extracted DNA was then collected. 


DNA amplification and purification 


Nearly full-length 16S rRNA gene was amplified by polymerase chain 
reaction (PCR) using primers Eu 10F (5’°- AGAGTTTGATCCTGGCTCAG-3), 
corresponding to Escherichia coli positions 8-27 as a forward primer, and Eu 
1500R (5’-- GGTTACCTTGTTACGACTT -3’), corresponding to Escherichia coli 
positions 1492-1510 as a reverse primer (Takami et al. 1999). These primers 
can amplify the entire 16S rRNA gene (~1500 bp). PCR was performed in a 50 
ul reaction containing Promega PCR Master Mix, MgCl, DMSO, primers, DNA 
template and nuclease free water using a 9700 Thermal Cycle (Applied 
Biosystems) (Bacosa et al. 2013). The PCR conditions were as follows: 9 min 
at 95°C and 30 cycles of denaturation (30 s at 95°C), annealing (30 s at 50°C), 
and extension (1 min at 72°C), followed by a 7-min extension at 72°C (Bacosa 
et al. 2010, 2011). The PCR amplification products were verified by 1.5% 
agarose gel electrophoresis and visualized under UV transilluminator. 


PCR products were purified using Gene Elute Mammalian Total RNA 
Miniprep Kit (Sigma Aldrich) according to the manufacturer’s protocol. 
Briefly, Wash solution 2 was diluted with 99% ethanol. The volume of the PCR 
product was then adjusted to 100 ul using elution solution. PCR product was 
added with Lysis solution and 2-Me mixture. After that, the solution with DNA 
was applied to the binding column and cleaned-up twice with Wash solution 
2. Finally, the purified DNA was eluted from the column with 50 ul of elution 
solution 
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DNA Sequencing 


Purified DNA was sequenced following the Big Dye Terminator v1.1/3.1 
Cycle sequencing chemistry. Four universal primers (10F, 530F, 800R, and 
1400R) were used to sequence the nearly full-length fragment of 16S rRNA 
gene (~1500 bp) (Kawasaki et al. 1992; Takami et al. 1999). The 20 ul 
sequencing reaction contains 4 pl BigDye R Terminator v3.1 Cycle Sequencing 
Kit, 2 ul V3.1 sequencing buffer, 0.5 ul Primer, 2 ul DNA template, and sterile 
deionized water (Bacosa et al. 2010, 2013; Bacosa and Inoue 2015). Prior to 
sequencing, the solution was purified by sodium dodecyl sulfate (SDS). To 
attain a concentration of 0.2%, 2 pl of 2.2% SDS was added to the samples, 
heated at 98°C for 5 min, and allowed to cool at room temperature. Samples 
were transferred to spin columns and centrifuged at 800 g for 2 min. The 
liquid that passed through the spin column was dried for about 30 min using 
an aspirator (KUBOTA CHRIST Alpha 1-2, TAITEC VC-96 N). Twenty 
microliters of Hi-Di Formamide was added to dried samples, heated for 2 min 
at 95°C and cooled for 5 min at room temperature. The samples were then 
transferred to a 96-well plate and sequenced in Applied Biosystems Genetic 
Analyzer 3130. DNA sequences were assembled and compared to the 
sequences in the GenBank. 


Degradation Experiment and Oil Analysis 


Isolates T2B and T2C were evaluated in the degradation of heavy oil 
following established procedure (Bacosa et al. 2013). Briefly, the standard 
inoculum was cultured for 1 week in 1% (v/v) heavy oil in MSM. The cells were 
harvested by centrifugation, rinsed three times with phosphate saline buffer 
and resuspended in MSM. An aliquot (500 ul) was added to 125-ml culture 
bottles containing 9.5 ml of MSM and heavy oil at a final concentration of 1% 
v/v. The cells were added to attain an initial concentration of ~5 x 105 cell ml 
In order to compare the degradation abilities of the bacterial isolates with the 
enriched consortia, T1, T2, T3, O, Ki and K2 consortia were prepared in the 
similar manner. Triplicate bottles were prepared for each isolate, consortium, 
and uninoculated controls. The bottles were sealed and placed in an orbital 
shaker and incubated for 21 days at 30°C with shaking (120 rpm). 


The residual oil was extracted after 21 days of incubation. The cultures 
were acidified to pH 2-3 using hydrochloric acid before extracting twice with 
the same volume of carbon tetrachloride. The extract was diluted at acceptable 
range and analyzed by Horiba-Oil Content Analyzer (Model OCMA-350). 
Quantification was based on a five-point calibration curve. Biodegradation 
potential was expressed as biodegradation efficiency relative to the control 
(Bacosa et al. 2013). 
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Statistical Analysis 


To determine the significant differences among the means of 
biodegradation efficiency, one-way analysis of variance (ANOVA) was 
performed using PAST software package V2.17 (Hammer et al. 2001). The 
differences between treatment means were further tested using Tukey’s 
honestly significance difference (HSD). 


RESULTS 
Growth on Heavy Oil and Hydrocarbon Substrates 


The screening of the isolates using colony morphology resulted in 60 
distinct isolates. These isolates were investigated in their abilities to grow on 
heavy oil resulting in 25 good degraders. Moreover, these 25 strains were 
grown in various hydrocarbon compounds as sole carbon and energy sources. 
The results of the growth experiment are summarized in Table 1. Isolates T2B, 
T2C, T2E, T2F, and T2G grew well in heavy oil as a carbon and energy source. 
When investigated in the presence of hydrocarbon compounds, different 
patterns of degradation as indicated by bacterial growth were observed. Most 
of these strains did not grow in the presence of decane. Surprisingly, T2F 
which showed good growth in heavy oil was not able to grow in hexadecane. 
Only T2B and T2C were able to utilize both phenanthrene and pyrene for 
growth. It suggests that T2B and T2C isolates have capabilities to degrade both 
the aromatic and aliphatic components of heavy oil. T2B and T2C cultures in 
test tube in the presence of different hydrocarbon substrates are presented in 
Figures 1a and b. Their respective colonies that formed on plates with heavy 
oil are shown in Figures 2a and b. 


Table 1 also shows that isolates with moderate or low growth in heavy 
oil have different capabilities to utilize a wide range of pure hydrocarbon 
substrates. Some of these strains utilized decane as a carbon and energy source. 
Heavy oil is abundant in long-alkane chains, not in short chain alkanes like 
decane. OC and K1D isolates demonstrated low growth in several hydrocarbon 
substrates, including heavy oil. It is worthy to note that most of the isolates, 
which showed favorable growth in heavy oil and pure hydrocarbon 
compounds, were isolated from T2 consortium. 
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Table 1. Growth characteristics of isolates in heavy oil and hydrocarbon 
compounds (1% v/v) cultured in MSM for 14 days. Legend: o — no growth: + - 
low growth: ++ - medium growth: +++ - high growth. 


5 

el e| g : 

| 3) ¢ S cD) s 
9 . = 3 2 S = 5 o 
= B S| 3 o 5 S x | 
3 ee eee: 
E = | aAlel|a|/sleélaleé 
T2B Te O +++] ++ ++ O + + 
T2C +++ O +++ | ++ 0) + + + 
T2E +44 O +44 + ++ O O O 
T2F +44 O O + + + O O 
T2G +++ + +++ + O + O O 
TiA ++ O +++ | ++ + + O O 
T1B + + + + + O + O 
TiC ++ ++ ++ ++ O ++ O O 
TiF ++ + ++ + + + O O 
T1iG + + ++ O fe) + O O 
TiH ++ O ++ ++ + ++ O O 
T2A ++ + ++ ++ + ++ O O 
T3A ++ O +++ + o) ++ O fo) 
T3B + O ++ ++ O + + O 
T3C + + + + O + O O 
T3D + + ++ O O + O O 
T3E + ++ ++ + O + O + 
T3G + O ++ + O + O fe) 
OC + + + O + + O + 
OD + + + + + + O O 
KiB ++ + + O + O O + 
KiD + O ++ + ++ + O + 
KiF + + + O + + O O 
K2B ++ + + ++ O + O + 
K2C ++ + + + O + O 
K2D ++ O ++ + + + O O 
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Figure 1. Growth of T2B (A) and T2C (B) isolates on different hydrocarbon 
substrates after 14 days of incubation. Increasing liquid turbidity indicates 
higher growth. 


Figure 2. Colonies of T2B (A) and T2C (B) isolates on agar plate with mineral 
salt medium (MSM) and heavy oil. 
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Identification of the Isolates 


Six isolates were selected as superior heavy oil degraders and were 
identified to species level based on 16S rRNA gene. The identities of these 
isolates are presented in Table 2. Sequencing results revealed that the 
bacterial isolates were closely related to Pseudomonas aeruginosa and 
Burkholderia cepacia. T2B, T2G, and T1A were related to Pseudomonas 
aeruginosa, while T2C, T2E, and T2F were affiliated to Burkholderia cepacia. 


Table 2. Identities of the bacterial isolates based on 16S rRNA gene sequencing. 


Strain Closest relative sequence ee Similarity 
oO. 
T2B Pseudomonas aeruginosa K3 EF064786 ot 
T2C Burkholderia cepacia RRE5 AY946011 eae 
T2E Burkholderia cepacia WK EF031062 ae 
ToF Burkholderia cepacia WK EF031062 oe te 
T2G Pseudomonas aeruginosa S25 DQ095913 fo. ie 
T1iA Pseudomonas aeruginosa S25 DQ095913 oe 


Results showed that even though they belong to the same species, 
these strains formed distinct colonies, and have different capabilities to 
degrade petroleum hydrocarbons. It is interesting that T2F, which belonged 
to genus Burkholderia was not able to utilize hexadecane, a medium-chain 
hydrocarbon. As previously reported, although the enriched bacterial 
consortia were dominated by bacteria closely related to Pseudomonas and 
Burkholderia, they have different oil degradation abilities (Bacosa et al. 2013). 
The remaining isolates were not sequenced because they have low degradation 
abilities and were likely closely related to Pseudomonas or Burkholderia. 


Heavy oil degradation by T2B and T2C isolates 


Because T2B and T2C strains showed superior abilities to grow on 
heavy oil and utilized a wide range of aliphatic hydrocarbons and PAHs 
substrates, their potential to biodegrade heavy oil was further tested and 
compared to that of the bacterial consortia. After 21 days of incubation, 
Pseudomonas sp. T2B degraded 19.7% of the heavy oil, which was greater than 
Burkholderia sp. T2C (17.6%) (Figure 3). However, the heavy oil degradation 
abilities of both isolates were significantly lower than T2 consortium (24.2%, 
p<0.05). This shows that the consortium, which is a combination of both 
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strains and other bacteria that we were not able to isolate, was more effective 
in degrading hydrocarbons in heavy oil. The rest of the consortia degraded 
more heavy oil than any of the two isolates. K1, Ti, O consortia utilized 31.6%, 
30.2%, and 27.1% of the oil, respectively. T3 and K2 consumed about 23% of 
oil for growth within 21 days. 


Biodegradation effiency (%) 


T2B T2C T2 T1 T3 fe) K1 K2 
lsolate/consortium 


Figure 3. Heavy oil degradation efficiencies of T2B and T2C isolates compared 
to enriched bacterial consortia after 21 days of incubation. Error bars 
represent one standard deviation from the mean of three replicates. Different 
letters indicate significant difference based on Tukey’s HSD test. P-value 
lesser than 0.05 was considered significant. 


DISCUSSION 


Pseudomonas sp. T2B and Burkholderia sp. T2C were successfully 
isolated from T2 consortium that degraded heavy oil. Both isolates were able 
to utilize various aliphatic and aromatic hydrocarbons as sole carbon and 
energy sources. The genus Pseudomonas is arguably the most diverse and 
ecologically significant bacteria which is ubiquitous in many environments 
(Spiers et al. 2000). They are known to have simple metabolic systems, encode 
genes for catabolic enzymes and harbor degradative plasmids, which make 
them capable of using several organic compounds including hydrocarbons for 
growth (Mukherjee et al. 2010; Salazar et al. 2012). Burkholderia is a genus 
with remarkable nutritional and physiological versatility. Many Burkholderia 
possess plasmid that contributes to its versatility and produce oxygenases-the 
enzymes that are essential for the initial oxidation of hydrocarbon chain and 
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aromatic ring (Okoh et al. 2001; Coenye and Vandamme 2003; Suto et al. 
2007). 


Pseudomonas and Burkholderia in bacterial consortia had been 
implicated in the degradation of hydrocarbons and petroleum products. 
Pseudomonas dominated the bacterial consortium from leaf soil that 
preferably degraded alkanes (Bacosa et al. 2011). However, Burkholderia was 
the key player in the faster disappearance of aromatic hydrocarbon over 
aliphatic hydrocarbons in kerosene degrading consortium (Bacosa et al. 2010, 
2011, 2012). Aromatic hydrocarbons, particularly polycylic aromatic 
hydrocarbons (PAHs), are more toxic that aliphatic hydrocarbons and known 
as mutagenic and carcinogenic (Bacosa and Inoue 2015). Crude oil is a 
complex mixture of hundreds to a thousand of aliphatic and aromatic 
hydrocarbon. Aliphatic hydrocarbons are more abundant but less toxic, while 
and aromatic hydrocarbons are less abundance but more toxic and are 
mutagenic and carcinogenic (Bacosa et al. 2015a, 2016; Evans et al. 2016; 
Evans et al. 2018). Risk-based bioremediation takes into account the relative 
toxicity of complex pollutants like oil and its products. If aromatic 
hydrocarbons were being degraded faster, the risk level will be reduced 
significantly. This will eventually result in an efficient and cost-effective 
remediation of contaminated environments. 


T2 consortium is primarily composed of Pseudomonas and 
Burkholderia as shown in its profile using polymerase chain reaction- 
denaturing gradient gel electrophoresis (PCR-DGGE) (Bacosa et al. 2013). The 
current study revealed that both T2B and T2C did not surpass the degradation 
ability of T2 source consortium. Moreover, all bacterial consortia tested have 
greater degradation than both isolate suggesting that mixed bacterial 
consortia are more efficient in the degradation of heavy oil. Notably, T2 
consortium has one of the lowest biodegradation efficiencies among the eight 
enriched consortia. This observation could be attributed to the competition of 
other bacteria in T2 consortium with T2B and T2C, or non-isolation of 
superior bacteria from other consortia. Biodegradation is a community and 
collective effort leading to greater results. Rahman et al. (2002) showed that 
individual bacterial cultures showed less growth and lower degradation of 
crude oil than the mixed bacterial consortium. The same pattern was also 
observed by Sathishkumar et al. (2008), in which a consortium composed of 
Pseudomonas, Bacillus and Corynebacterium degraded oil more effectively 
than any of the isolate. Another advantage of a bacterial consortium is its 
ability to metabolize completely the parent compound into carbon dioxide and 
water something that is not possible using chemical and physical remediation 
methods (Khehra et al. 2005; Bacosa et al. 2016). While a single strain can be 
simply incubated with a substrate, the relationship is quite complex in a 
microbial consortium. Some members of the consortium produce the 
oxygenases and dioxygenase to oxidize the hydrocarbon chain, while other 
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members produce the necessary micronutrients necessary for the main 
degraders (Dominguez et al. 2019). Other bacteria may produce biosurfactant 
to make the oil more soluble in water and biodegradable (Bacosa et al. 2015b, 
2018a,b). Moreover, other bacteria consume the metabolic products from the 
degradation of parent compound. Some ofthe metabolites have been reported 
to be inhibitory and toxic to the degrader of parent compound (Kazunga and 
Aitken 2000). These toxicants have to be removed by other bacteria in the 
consortium to enhance the degradation of the parent compound. It is worth 
mentioning here that the isolates from the most effective consortia, T1 and K1, 
did not show remarkable growth in heavy oil and pure hydrocarbons 
substrates. The high degradation of these consortia was not due to 
superbacteria but can be attributed to the synergistic relationships of bacteria 
in the consortium. 


Although the degradation potential was not as high as any of the 
consortia, isolating these strains from the mixed culture offers numerous 
advantages. The potential of the strains to degrade different hydrocarbons and 
their combinations, crude oil, and oil products can be ascertained. The full- 
length of the DNA sequence of these strains are already known, and the whole 
genome analysis to unravel the full potential of these strains can be carried 
out. Individual isolates can be also used in combination with other 
microorganisms to produce an effective and robust bacterial consortium for 
bioremediation applications. 


Overall, Pseudomonas sp. T2B and Burkholderia sp. T2C were 
successfully isolated from T2 consortium. These strains were effective in the 
degradation of heavy oil and several aliphatic and aromatic hydrocarbons. 
Although their degradation was lower compared to the source consortia, these 
isolates could be useful in making a more effective synthetic consortium for 
the remediation of contaminated sites. The combination of these isolates with 
other consortium or strains towards applications in the degradation of 
petroleum hydrocarbons warrants further investigation. 
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